Introduction
The principle of turbo equalisation [3] was contrived by Douillard et al. [3] , which was shown to provide performance advantages in the context of a rate R = 0.5 convolutional coded system, where channel decoding and channel equalisation was performed in unison. More specifically, the turbo equaliser exhibited a performance that was close to that achievable over non-dispersive channels, despite the presence of Inter-Symbol Interference (ISI), when performing the channel equalisation and channel decoding by exchanging information between these two processing blocks. Due to complexity reasons, early turbo equalisation investigations using the conventional trellis-based equaliser (CT-EQ) were constrained to applying Binary Phase Shift Keying (BPSK) and Quadrature Phase Shift Keying (QPSK) modulation schemes [4] and to limited Channel Impulse Response (CIR) durations, since the computational complexity incurred by the CT-EQ is dependent on both the maximum CIR duration and on the modulation mode utilised. Hence, turbo equalisation research has been focused on developing reduced complexity equalisers, such as the low-complexity linear equaliser proposed by Glavieux et al. [5] , the Radial Basis Function (RBF) equaliser advocated by Yee et al. [ 121 and the In-phase/Quadraturephase turbo equaliser (VQ-TEQ) introduced by Yeap [9, 81. Motivated by these trends, in this contribution we proposed a novel reduced complexity RBF channel equaliser based on the VQ concept [9] which is referred to as the Inphase/Quadrature-phase RBF Equaliser (I/Q-RBF-EQ) for full response systems.
Principle of I/Q Equalisation
We denote the modulated signal by s(t), which is transmitted over the dispersive channel characterised by the CIR h(t). The signal is also contaminated by the zero-mean 
t).
On the same note, s I ( t ) and S Q ( t ) are the I and Q components of s ( t ) in Figure 1 , while nr(t) and nQ(t) denote the corresponding AWGN components. Both of the received VQ signals, namely rr(t) and T Q ( t ) of Equation 2 become dependent on both sl(t) and SQ (t) due to the crosscoupling effect imposed by the complex channel. Hence a conventional channel equaliser -regardless, whether it is an iterative or non-iterative equaliser -would have to consider the effects of this cross-coupling. 0-7803-6728-6/0l/$10.00 02001 IEEE In this contribution we propose a technique of reducing the complexity of the equaliser by initially neglecting the channel-induced cross-coupling of the received signal's quadrature components and then by compensating for this gross simplification with the aid of the proposed turbo equaliser. This simplification would result in an unacceptable performance degradation in the context of conventional non-iterative channel equalisation, since the turbo iterations allow us to compensate for the above simplification. Then the I and Q components of the decoupled channel output r ' ( t ) are only dependent on s~ ( t ) or S Q (~) , as portrayed in Figure 2 in the context of the following equations:
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More explicitly, the cross-coupling is facilitated by generating the estimates s I ( t ) and g Q ( t ) of the transmitted signal [5] with the aid of the reliability information generated by the channel decoder and then by cancelling the crosscoupling effects imposed by the channel, yielding r'I(t) and r'Q(t), respectively, in Figure 2 . In the ideal scenario, where perfect knowledge of both the CIR and that of the transmitted signal is available, it is plausible that the channel-induced cross-coupling between the quadrature components can be removed. However, when unreliable symbol estimates are generated due to the channel-impaired low-confidence reliability values, errors introduced in the decoupling operation. Nonetheless, we will show that the associated imperfect decoupling effects are compensated with the aid of the iterative turbo equalization process and the performance approaches that of the turbo equalizer utilising the conventional trellis-based equalizer, where the crosscoupling is not neglected. As an added benefit, the complexity of the equalisation process is susbtantially reduced. Following the above decoupling operation, the modified complex channel outputs, namely r'r(t) and T ' Q (~) , respectively, can be viewed as the result of convolving both quadrature components independently with the complex CIR on each quadrature arm. Consequently, we can equalise s I ( t ) and SQ ( t ) independently, hence reducing the number of channel states significantly. Again, note that in
Equation 3 we have assumed that perfect signal regeneration and perfect decoupling is achieved at the receiver, in order to highlight the underlying principle of the reduced complexity equaliser.
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RBF Assisted Turbo Equalisation
The RBF network based equaliser is capable of utilizing the a priori information provided by the channel decoder and in turn provide the decoder with the a posteriori information concerning the coded bits [12] . We will now provide O-7803-6728-61O11$1O.00 02001 IEEE 
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Figure 2: Removing the dependency of T I (t) and rQ(t) on the quadrature components of the transmitted signals, namely s r ( t ) and S Q ( t ) , to
give r i ( t ) and rb(t), respectively. In this figure, it is assumed that the CIR estimation is perfect, i.e. jL,(t) = hI(t) as well as iLQ(t) = hQ (t) and that the transmitted signals are known, giving iJ(t) = s r ( t ) and i~( t ) = S Q (~) . ,In this case, perfect decoupling is achieved. However, in practice these estimates have to be generated at the receiver. describes, how the VQ-RBF-DFE is incorporated into the schematic of the turbo equaliser.
System Overview
The schematic of the coded M-QAM system employing a TEQ at the receiver is shown in Figure 3 . The Figure 4 . In order to decide on the tolerable delay and hence on the depth of the channel interleaver, we considered the maximum affordable delay of a speech system. In our investigations, the transmission delay of the 4-QAM, 16-QAM and 64-QAM systems [6] was limited to approximately 30 ms. This corresponds to 3456 symbols at a symbol rate of 13.9 Kbauds and hence 6912-bit, 13824-bit and 20736-bit random channel interleavers were utilised for 4-QAM, 16-QAM and 64-QAM, respectively. A three-path, symbol-spaced fading CIR of equal weights was used, which can be expressed as:
h(t) = 0.577 + 0.5772-1 + 0 . 5 7 7~-~, where the Rayleigh fading statistics obeyed a normalised Doppler frequency of 3.3615 x lov5. The fading magnitude and phase was kept constant for the duration of a transmission burst, a condition which we refer to as employing transmission burst-invariant fading. Figure 5 illustrates the schematic of the turbo equaliser utilising two reduced complexity YQ-RBF-EQs. We express the LLRs of the equaliser and decoder using vector notations, according to the approach of [4], but using different specific notations. The superscript denotes the nature of the LLR, namely 'c' is used for the composite a posteriori 
'l(t) and T ' Q (~) .
After the decoupling operation, r'l(t) and ?"Q(t) are passed to the I/Q-RBF-EQ in the schematic of Figure 5 . In addition to these received quadrature signals, the I/Q-RBF-EQ also processes the a priori information received -which is constituted by the extrinsic LLRs LT (1) derived from the previous iteration -and generates the a posteriori information L; (0). Subsequently, the combined channel and extrinsic information Li (0) is extracted from both VQ-RBF-EQs in Figure 5 and combined, before being passed to the Log-MAP Sation iteration, the a posteriori and extrinsic information of the encoded bits, namely L; (1) and L,; (I), respectively, are evaluated. Subsequent turbo equalisation iterations obey the same sequence of operations, until the iteration termination criterion is met. (1) and from that, the extrinsic information of the encoded bits L! (1) is extracted. In the next iteration, the a posteriori LLR LE (1) is used for regenerating estimates of the I and Q components of the transmitted signal, namely S I ( t ) and i s ( t ) , as seen in the 'MAP bit LLRs to symbols' block of Figure 5 . The aposteriori information was transformed from the log domain to modulated symbols using the approach employed in [5]. The estimated In our simulations, the Jacobian RBF DFE of [ 113 was employed, which reduced the complexity of the RBF-EQ by utilising Jacobian logarithmic function and decision feedback for RBF-center selection [lo]. Note that the I/Q-EQ scheme reduces the effect of error propagation, since the set of centers to be selected using the DFE mechanism is reduced from M" to M"/2 [lo] . The feedforward and feedback order of the RBF DFE was three and two, respectively, while that of the conventional DFE was fifteen and four. We employed iterative LMS-based CIR estimation for both 4QAM and 16QAM in Figure 6 and 7, respectively. An initial step-size of 0.1 and 0.05 was set for 4QAM and 16QAM, respectively, in order to provide a rough estimate of the CIR. This initial CIR estimate was utilised by the conventional DFE employed during the first turbo equalisation. In the subsequent iterations, the CIR was re-estimated and refined using a smaller step-size of 0.01. Figure 6 and 7 also present the performance of the CT-TEQ in conjunction with perfect CIR information. We defined the critical number of turbo equalisation iterations, as the number, where no further significant performance improvement can be obtained upon invoking further iterations. We found that both the CT-TEQ and the UQ-RBF-TEQ provided a similar performance at the corresponding critical number of iterations. The performance of the UQ-RBF-TEQ at the critical number of iteration using iterative CIR estimation at BER = lop3 was about 2.8dB and 2dB from the decoding performance curve recorded over the non-dispersive Gaussian channel, as shown for 4QAM and 16QAM in Figures 6 and 7, respectively. Following the system complexity study of [I21 and considering the number of critical iterations needed, the complexity of the I/Q-RBF-TEQ imposed by the equaliser and decoder components was found to be a factor of 1.5 and 109.6 lower, than that of the CT-TEiQ for 4-QAM and 16-QAM, respectively, based on the general complexity expressions of Table 1 . The performance of our 64-QAM system for transmission over the same Rayleigh fading channel but in conjunction with perfect channel estimation shows in Figure 8 that it is only 2dB away from the decoding performance curve recorded for seven iterations over the non-dispersive Gaussian channel at BER = We could not provide the performance curve of the CT-TEQ, since this scheme was excessively complex. Assuming that the critical number of iteration for the 64QAM CT-TEQ is two, the VQ-RBF-TEQ provides a complexity reduction by a factor of 3313.
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The performance of the I/Q-RBF-EQ and that of the trellis-based I/Q-TEQ of [9] was found to be similar, although I/Q-RBF-EQ provided a complexity reduction factor of 1.2, 2.2 and 7.8 for 4QAM, 16QAM and 64QAM respectively.
